tional way of mapping the distribution of these elements. The maps define three distinct rock types and regions: (i) The Fe-and Ti-rich mare basalts; (ii) rocks of intermediate Fe and Ti contents that make up the floor of the South Pole-Aitken basin and the mountainous rims of the nearside circular maria and (iii) Fe-and Ti-poor anorthositic rocks of the highlands (7) .
A comparison of the thermal neutron data on the Fe and Ti concentrations (7) and those produced from Clementine spectral data (2) show that while the correlations are good, there are discrepancies, especially in the rim area of Mare Imbrium. These discrepancies may be due to the presence of high amounts of Sm and Gd (rare earth elements with exceptionally large neutron absorption cross sections) in the KREEP-rich deposits of Imbrium ejecta ( Table 1) .
The LP mission is also mapping the lunar gravity (10) and magnetic (11) fields. Before the LP mission, no spacecraft had been in low polar orbit. Hence we did not have an accurate gravity map of the moon. Gravity data provide information of crustal and upper mantle structure by delineating areas of the crust with anomalous density. They are also needed to calculate the fuel requirements for the orbital mapping portion of the mission. LP calculates the gravity field by accurately tracking how the orbit of the spacecraft is perturbed (the Doppler gravity experiment). The magnetic data will reveal the distribution and strengths of the numerous small magnetic fields of the moon. These data will allow us to determine how the magnetic fields formed and possibly help to delineate deposits of useful resources. Together, the gravity and magnetic data can be used to infer the size of the suspected lunar Fe core. Although thought to contain less than a few percent of the lunar mass (as compared to Earth's core, which contains 30% of Earth's mass), the exact size of the core provides an important constraint on how the moon formed.
The magnetic maps to date (11) show that strong magnetic fields fill the antipodal regions of the Mare Imbrium and Mare Serenitatis basins. The magnetic fields antipodal to Imbrium are strong enough to form the smallest known magnetosphere, magnetosheath and bow shock system in the solar system. These results support the hypothesis that shock remnant magnetization of lunar rocks was associated with the large basin forming impacts early in lunar history (11) .
Two weeks after LP achieved its mapping orbit, the data needed to define the lunar gravity field for operational purposes were obtained. The gravity data show that to maintain a 100 Ϯ 20 km altitude orbit, a maneuver is required every 56 days; the velocity change required is 0.22 m/s per day. The gravity data have also been used to improve the mapping of previously known nearside lunar mass concentrations (mascons), revealed three new mascons in the limb regions of the nearside, and partially resolved four new mascons on the farside. The data imply that the moon does have a small Fe-rich core of about 300 km radius (10) .
Finally, LP will map the frequency and locations of gas release events by detecting gaseous Rn and its daughter nuclei with the alpha particle spectrometer. This mapping program will help determine the current level of lunar tectonic and post-volcanic activity. Also, because other gasses such as N 2 , CO 2 , and CO, which are essential for life support, may be released with the Rn, the maps may indicate where these resources may be obtained for future human activities on the moon.
The alpha particle data analysis has been complicated because large fluxes of solar alpha particles have been detected during increasingly frequent solar energetic particle events. Solar events have been occurring over half of the time since the analysis began, and the flux of alpha particles has increased during the storms by up to 3300 times the normal flux. Therefore, these results are not yet available. The gravity field of the moon has been investigated since 1966 when the Russian Luna 10 was placed in orbit around the moon and provided dynamical proof that the oblateness of the moon's gravitational potential (1) was larger than the shape predicted from hydrostatic equilibrium. Soon thereafter, Muller and Sjogren (2) differentiated the Doppler residuals from Lunar Orbiter (LO)-V to produce a nearside gravity map that displayed sizable positive gravity anomalies within the large circular mare basins. These positive anomalies, located in nearside equatorial regions with low topography, showed areas with mass concentrations (or "mascons") in the lunar interior. Inherent in the masconsas buried, mostly uncompensated mass anomalies-is information on the impact pro-cess and the past thermal history of the moon, where the latter is inferred through the strength of the lithosphere. In addition to LO-I through -V, most of the gravity mapping of the moon was done by the Apollo 15 and 16 subsatellites and the recent Clementine mission (3). The Clementine data, from an elliptical orbit with a higher periapse altitude of 400 km than previous missions, improved the low degree (n ϭ 2, 3) and sectoral terms (to degree 20) of the gravity field. The Clementine laser altimetry data provided the global shape of the moon, which together with the gravity, improved the physical modeling of the moon (4). Lunar Prospector (LP) is in a circular polar orbit with a low 100-km altitude (5). The gravity information comes from tracking the spacecraft with the Deep Space Network in California, Spain, and Australia and thus measuring the line-of-sight velocity from the Doppler shift to an accuracy of 0.2 mm/s for 10-s intervals (or one part in 10 7 ). The lunar farside gravity field is poorly determined because the spacecraft is not in view from Earth when it is over the lunar farside. However, some information is obtained by observing changes in the LP orbit due to the accumulated acceleration of the farside gravity as the spacecraft comes out of the occultation (6 ) .
The first 3 months of data from continuous tracking of LP were combined with the data from LO, Apollo, and Clementine to produce a 75th-degree and -order spherical harmonic gravity model (7) . While solving for the gravity field (8, 9) , the last few degrees of the solution were corrupted by unmodeled gravity beyond degree 75. Also, the lack of farside tracking contributes noise to the gravity solution. For this reason, the global gravity ( Fig. 1) contains the acceleration at the lunar surface truncated at degree 70 for the nearside and degree 50 for the farside. Our model shows features, including many small craters, to a half-wavelength resolution of 75 km, although the nearside data support a higher resolution of about 50 km and the farside resolution is about 200 km. Evident on the nearside of the moon are the five principal mascons from the mare-filled impact basins Imbrium (20°W, 37°N), Serenitatis (18°E, 26°N), Crisium (58°E, 17°N), Humorum (39°W, 24°S), and Nectaris (33°E, 16°S), as well as smaller mascons that were known from previous missions (2) .
The roughness of the lunar gravity field is given by the amplitude of the gravity coefficients versus degree (or n) ( Fig. 2A) . For Earth and Venus, the spectrum has empirically been shown to follow a power law f/n 2 (8) with the constant f scaled for each planet to allow the same amount of global stress. For the moon to have the same amount of stress as Earth, the leading constant f is 3.5 ϫ 10 Ϫ4 . However, the measured spectrum of 1.2 ϫ 10 Ϫ4 /n 1.8 indicates that the moon is closer to equilibrium than Earth (10, 11) . The spectrum is reliable to about degree 20, but beyond that, the uncertainty in the spectrum is greater than the signal because of the lack of farside data. The true signal for the higher degrees is not expected to be much greater than our model because it nearly matches a gravity field strictly from uncompensated topography.
With a gravity data set that is closer to global, the coherence (or correlation) with topography (12) has also increased (Fig. 2B) for the midwavelength frequencies (n ϭ 20 to 50), and global compensation (Fig. 2C ) is more apparent than previous models (4) for this frequency range. The anticorrelation of gravity and topography, due in part to the five principal nearside mascons, is evident in degrees 10 to 20, and the tailing of the correlation at high degree is probably due to the limited topographic sampling for those frequencies (60 km between altimetry tracks) and reduction in farside gravity information. The mascons known before LP were all on the nearside of the moon close to the equator and were filled with maria several kilometers thick (13) . With the new LP data, seven new large mascons were identified where there is a clear maximum in the gravity at the center of each basin relative to the rest of the surrounding basin. Of the three new mascons on the nearside of the moon (see Fig. 3 ), Mare Humboltianum (80°E, 57°N) has lava fill, Mendel-Rydberg (95°W, 50°S) has some mare fill and possibly more covered by Mare Orientale ejecta (14) , and SchillerZucchius (45°W, 55°S) shows no evidence of mare fill. Of the four new mascons on the farside of the moon, only Mare Moscoviense (147°E, 27°N) has mare fill, the others being Hertzsprung (130°W, 2°N) , Coulomb-Sarton (120°W, 51°N) , and Freundlich-Sharonov (175°E, 18°N) . The amplitudes of the farside mascons have large uncertainties. Currently, the differences between the negative basin ring and the maximum in the basin center (100 to 150 mgal) are about one-half to onethird of the ranges for the non-mare-filled nearside mascon basins, and these nearside differences indicate that the farside amplitudes may be underestimated by a factor of 3. The nearside mascons are well determined with amplitude uncertainties of about 20 mgal.
Several processes have been proposed to explain the formation and support mechanism of lunar mascons (10, 15) . After a giant impact, according to one scenario, the extensive excavation of lunar material resulted in crater relaxation, a strong thermal anomaly, and high amounts of stress within the crust (16 ) . The heating and weakening of the crust allowed an upwelling of denser mantle material, resulting in excess mass near the center of the basin (17) (18) (19) . This mantle rebound resulted in uplift of the crust-mantle boundary (or Moho) and the formation of a dense mantle "plug." At this time, the basins were in near isostatic equilibrium, but a deep topographic depression remained. Subsequently, the remaining depression in the basin was filled with flood basalts. This filling left the mascons as uncompensated buried loads (excess mass) in the basins.
Thus, the mascon anomalies are the result of the combination of the dense mantle plug and the basin fill (20) . However, in the context of this model, the question of the respective contribution of mantle plug and subsequent mare fill to the observed positive mascon gravity anomaly is a matter of debate. Some believe that the mare fill is of relatively low density and that most of the positive mascon anomaly is due to the high-density mantle plug (17) . Others argue that the mass anomalies responsible for the five principal mascons (in particular, Mare Serenitatis) are thin and near the surface with the dominant contribution coming from a high-density mare fill (relative to the crust) rather than a mantle plug (18) . Their argument stems from the strong shoulders seen in the line-of-sight Doppler data. Likewise, the gravity model presented here does show a plateau for the principal mascons (see Fig. 4 ) not seen in the Goddard Lunar Gravity Model-2 (GLGM2) model (3). The LP extended mission with 10-to 40-km altitude will provide further data to separate out the contributions of maria and mantle plug.
Analysis of the new mascons will also help the debate on mantle rebound. Following a suggestion by Taylor (21), Neumann et al. (22) hypothesized a dynamic rather than long-term isostatic adjustment mechanism of mantle upwelling. In their view, the mascon anomalies are essentially due to a combination of rapid mantle rebound, immediately after and a direct cause of the basin-forming impact, and an additional mass excess component from the mare basalt filling that was emplaced at a later date. Arkani-Hamed (15, 23) proposes an active mascon formation model, relating mascon formation directly to the effect of giant impacts. In this hypothesis, partial melting occurs beneath the surrounding highlands as a consequence of thermal blanketing by the ejecta; molten basalt is then laterally transported from beneath the highlands into the basins. Arkani-Hamed further proposes a viscous decay model for support of the mascons, emphasizing the role of viscous deformation of the lunar interior. He argues that the elastic layer of the moon was not thick enough to achieve mascon support at the time of their formation near 3.6 billion years ago (24) . Elastic support was achieved at a later date (about 3 billion years ago) when the upper parts of the moon became strong enough. However, studies of mascon anomalies corrected for mare fill estimates (13) seem to suggest that basins were supporting stress before mare filling (22) . In this view, support of the mascons would have been achieved through flexural stresses not long after formation (25) .
We produced an Airy isostasy (isostatic compensation through a low-density root) crustal thickness map for the moon without making the a priori assumption of a fixed thickness for the lunar background (or reference) crustal thickness (4, 22, 26 ) . This map allows us to test the physical validity of the Airy model for a given region in addition to showing global trends in Airy crustal thickness variations. The map of the regional Airy crustal thickness (Fig. 1, C and D) was obtained with spatial domain Geoid-Topography Ratio (GTR) techniques (27) with the Clementine topography (12) and our gravity with the five principal mascons removed with negative mass sheets at 50-km depth. For each fixed position of the sliding window, mean values of the spherical harmonic-derived geoid anomaly (N) and topography (3) is also shown in the bottom panel of (A). The gravity central peak at the center of each basin is evident and corresponds to the topographic low. variation (h) are compared, in the least squares sense and in the spatial domain, with theoretical Airy correlations of N and h. This comparison results in a best fit value of the reference crustal thickness H for the region within the window. This value is then added to the mean h and corresponding value of the Airy root (b) to produce a total mean crustal thickness TT for the region within the data
In reasonable agreement with previous studies (22), we find that Airy compensation may be a viable model for the highlands, with a mean Airy reference crustal thickness of about 70 km. When the gravity data include all mascons, the GTR results yield a large negative compensation depth for the lowland mascon basins. This result suggests that onelayer Airy isostasy is not valid in these areas, a concern already addressed by other authors (26) . With the five mascons removed (Fig. 1) , the lowland basins display more realistic Airy crustal thickness, closer, for some basins, to results obtained with other techniques (4, 22) . There are large positive Airy crustal thickness anomalies in the South Pole-Aitken basin and Procellarum basin. These basins do not have mascons, and the thickness anomalies may be related to Pratt isostasy (lateral variations in crustal density).
Because LP is a simple spin-stabilized spacecraft, it is ideal for long-wavelength gravity studies because of limited nonconservative forces acting on the spacecraft. The resulting unnormalized second-degree values of interest are gravitational coefficients J 2 ϭ (203.428 Ϯ 0.09) ϫ 10 Ϫ6 and C 22 ϭ (22.395 Ϯ 0.015) ϫ 10
Ϫ6
, where errors are five times the formal statistics. By combining the LP lunar GM (gravitational constant G times mass M) (4902.8003 Ϯ 0.0012 km 3 /s 2 ) with either the GM(Earth ϩ moon) from the Lunar Laser Ranging (LLR) solution of this paper or Earth's GM from artificial satellite ranging, one gets an Earth-moon mass ratio of 81.300566 Ϯ 0.000020 (28) .
The normalized polar moment of inertia (C/MR 2 , where R is the radius) or homogeneity constant for the moon is a measure of the radial density distribution where a value of 0.4 indicates a homogeneous moon and a value less than 0.4 indicates increasing density with depth (for example, Earth with a sizable core has C/MR 2 ϭ 0.33). The solution for the three principal moments of inertia A Ͻ B Ͻ C depends on four relations given by the lunar libration parameters ␥ ϭ (B Ϫ A)/C and ␤ ϭ (C Ϫ A)/B, determined from LLR, and the second-degree gravity harmonics
2 . The values for the polar moment have varied mostly because of different solutions for the second-degree gravity harmonics. The LLR solution is C/MR 2 ϭ 0.394 Ϯ 0.002 (29) , and the combination with earlier spacecraft results gives 0.393 Ϯ 0.001 (30) . A major contribution to published LLR libration parameter uncertainties is from the C 31 and C 33 harmonics. An LLR solution with 28 years of data, while adopting the LP values of J 2 , C 31 , and C 33 , gives ␤ ϭ (631.486 Ϯ 0.09) ϫ 10 Ϫ6 and ␥ ϭ (227.871 Ϯ 0.03) ϫ 10 Ϫ6 . The uncertainty in ␤ and ␥ is mainly due to the size of a possible core. Combining J 2 , C 22 , ␤, and ␥ gives the polar C/MR 2 ϭ 0.3932 Ϯ 0.0002 (an uncertainty of five times the formal error) and the average moment I/MR 2 ϭ 0.3931 Ϯ 0.0002 [I ϭ (A ϩ B ϩ C) /3] . The uncertainties of J 2 and C 22 dominate the moment error, although from the improvement of the second-degree harmonics, the resulting uncertainty in C/MR 2 is reduced by about a factor of 5 over previous estimates. J 2 and C 22 are consistent with ␤ and ␥ within the stated uncertainty, which is a welcome improvement over sizable discrepancies noted in many historical values (31) .
The lunar polar moment, when combined with compositional, thermal, and density models of the lunar crust and mantle, can allow some useful inferences to be drawn about the mass and size of a possible metallic core (32, 33) . The present determination of C/MR 2 yields an upper bound of 0.3934, only slightly larger than that adopted by Hood and Jones (32) . Consequently, their conclusion that the most probable core mass lies between 1 and 4% of the lunar mass remains unchanged. For an assumed Fe composition, the core radius would lie between about 300 and 450 km.
Using the model of Binder (34) and our value of the moment-of-inertia factor (I/MR 2 ) of 0.3931 Ϯ 0.0002, we find that the radius of an Fe core is 320 ϩ50/Ϫ100 km and its mass is 1.4 ϩ0.8/Ϫ0.9% of the moon's mass. The corresponding radius and mass of a FeS core are 510 ϩ80/Ϫ180 km and 3.5 ϩ1.9/Ϫ2.6%, respectively. If the maximum radius of the core is 450 km as derived from the seismic and magnetic data, then the core is probably Fe or Fe-rich, although an FeS core is not excluded by the data or models.
Although the inferred existence of a small metallic core with mass exceeding 1% of the lunar mass is indirect and provisional, if verified by future direct measurements, such a core would imply that the moon is not composed entirely of terrestrial mantle material. The latter bulk composition would result in an Fe-rich core representing only 0.1 to 0.4% of the lunar mass in order to produce observed depletions of lunar siderophile elements (35) . In its simplest form, the leading hypothesis for lunar origin, the giant impact model, predicts a moon composed primarily of material from Earth's mantle and the impactor's mantle and, therefore, little or no metallic core (36 ) . However, more recent versions of the model in which the giant impact occurred before completion of Earth accretion (37) permit the presence of cores in the range inferred here. The magnetometer and electron reflectometer experiment on the Lunar Prospector spacecraft has obtained maps of lunar crustal magnetic fields and observed the interaction between the solar wind and regions of strong crustal magnetic fields at high selenographic latitude (30°S to 80°S) and low (ϳ100 kilometers) altitude. Electron reflection maps of the regions antipodal to the Imbrium and Serenitatis impact basins, extending to 80°S latitude, show that crustal magnetic fields fill most of the antipodal zones of those basins. This finding provides further evidence for the hypothesis that basin-forming impacts result in magnetization of the lunar crust at their antipodes. The crustal magnetic fields of the Imbrium antipode region are strong enough to deflect the solar wind and form a miniature (100 to several hundred kilometers across) magnetosphere, magnetosheath, and bow shock system.
The primary objective of the magnetometer and electron reflectometer (MAG/ER) experiment on Lunar Prospector (LP) is to investigate the nature and origin of the moon's magnetic fields. Measurements by early lunar orbiting spacecraft showed that the moon has no global dipole magnetic field (1). The discovery of strong stable components of natural remanent magnetization in many of the returned lunar samples (2) and the detection of surface magnetic fields of up to hundreds of nanoteslas at the landing sites (3) were thus major surprises of the Apollo program. Paleointensity measurements on the returned samples suggest that the lunar surface field was comparable in intensity to the presentday terrestrial surface field from about 3.6 to 3.8 billion years ago (Ga) and about an order of magnitude lower before and after this time period (4) .
The Apollo 15 and 16 subsatellite magnetometers in low, 100-km-altitude orbits detected regions of crustal magnetic fields of 100-km scale size (5), and electron reflection (ER) magnetometry revealed hundreds of magnetic patches on the surface, ranging in size from Շ7 km, the resolution limit of the observations, to ϳ500 km (6) . In general, the lunar highlands have stronger fields than the younger maria (5, 6 ), and there is evidence that some of the far-side basin ejecta are magnetized (7) . The largest concentrations of surface magnetic fields in the ϳ20% of the moon sampled by the subsatellites are located within zones centered on the antipodes of the Imbrium, Serenitatis, Crisium, and Orientale impact basins (8) . These four large circular ringed basins have ages between ϳ3.85 and 3.6 Ga (9), about the same as the most strongly magnetized returned samples. With the exception of a linear magnetic feature that follows the Rima Sirsalis rille (10) and a tendency for strong anomalies to occur in association with unusual albedo markings of the Reiner Gamma class (11), however, no clear-cut association of surface magnetic fields with surface selenological features was found. Furthermore, the directions of the crustal fields of the Ͼ100-km-size regions, as determined by the subsatellite magnetometers, appear to be randomly distributed (12) . A MAG/ER experiment flown on Mars Global Surveyor recently discovered similar localized patches of surface magnetic fields at Mars, but with surface field strengths ϳ1000 times as strong (13) .
The MAG/ER on LP, which is based on instruments flown on Mars Observer (14) and Mars Global Surveyor, is designed to map surface magnetic fields with high sensitivity (ϳ0.01 nT at the surface) and spatial resolution (ϳ4 km) over the entire moon (15) . The MAG measures the vector magnetic field at the spacecraft, and when the external field is steady and plasma disturbances (which can be detected by the ER) are minimal, the lunar crust magnetic field intensity and direction at the spacecraft altitude can be determined by subtracting the external field.
ER magnetometry (6 ) depends on the magnetic mirror effect, that is, the reflection of charged particles from regions of increased magnetic fields. In a uniform field the particles move along helical paths of constant pitch angle (␣, the angle between the particle velocity and the magnetic field direction) and radius (called the gyro-radius). However, if the field strength increases in the direction of motion as the surface is approached, particles with pitch angles greater than a cutoff pitch angle (␣ c ) will be reflected back along the lines of force, whereas those with pitch angle below ␣ c will impact the surface and be lost. The cutoff pitch angle depends on the ratio of the total field strength at the surface to that at the spacecraft. A technique for identifying
